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ABSTRACT 34 
Humans perform vertical and horizontal arm motions with different temporal patterns. The specific 35 
velocity profiles are chosen by the central nervous system by integrating the gravitational force field 36 
to minimize energy expenditure. However, what happens when a visuo-motor rotation is applied, so 37 
that a motion performed in the horizontal plane is perceived as vertical? We investigated the 38 
dynamic of the adaptation of the spatial and temporal properties of a pointing motion during a 39 
prolonged exposure to a 90° visuo-motor rotation, where a horizontal movement was associated to a 40 
vertical visual feedback. We found that participants immediately adapted the spatial parameters of 41 
motion to the conflicting visual scene in order to maintain their arm trajectory straight. On the 42 
contrary, the initial symmetric velocity profiles specific of a horizontal motion were progressively 43 
modified during the conflict exposure, becoming more asymmetric and similar to those appropriate 44 
for a vertical motion. Importantly, this visual effect that increased with repetitions was not followed 45 
by a consistent after effect when the conflicting visual feedback was absent (catch and washout 46 
trials). In a control experiment we demonstrated that an intrinsic representation of the temporal 47 
structure of perceived vertical motions could provide the error signal allowing for this progressive 48 
adaptation of motion timing. These findings suggest that gravity strongly constrains motor learning 49 
and the reweighting process between visual and proprioceptive sensory inputs, leading to the 50 
selection of a motor plan which is sub-optimal in terms of energy expenditure. 51 
  52 
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INTRODUCTION 53 
Adaption to a visual context that disconnects the visual space from the action space follows 54 
robust identified rules (Bock and Burghoff, 1997; Krakauer et al., 2000; Henriques and Cressman, 55 
2012; Bock, 2013). In general, during adaptation the neural system progressively learns the new 56 
association between the sensory states of the arm – its position and velocity – and the instantiated 57 
motor commands, in order to decrease as much as possible the effect of the visual perturbation. 58 
Typically, error in position due to a visual shift is compensated trial after trial on the basis of 59 
sensory feedback to recover the performance of the baseline condition (Krakauer et al., 1999; Tseng 60 
et al., 2007; Wei and Kording, 2008; Shadmehr et al., 2010; Wei, 2010). However, most of the 61 
visuo-motor adaptation paradigms have been performed in the horizontal plane and have mainly 62 
examined the adaptation of spatial features of the movement (e.g., path direction, curvature). In a 63 
recent work, it was investigated to what extent visuo-motor conflict task implies changes into the 64 
temporal structure of the motion (Sciutti et al., 2012). These authors found that a visuomotor 65 
rotation produces a significant change in the motor plan, i.e., changes to the symmetry of the 66 
velocity profile. Moreover, it was shown that central nervous system takes into account the visual 67 
information to plan a future motion, even if this causes the adoption of non-optimal motor plans in 68 
terms of energy consumption. Further, Le Séac'h et al. (2007) showed that when lying on their side 69 
with their eyes closed, subjects performed head-to-toe movements of the arm with velocity profiles 70 
typical of vertical arm movements with and against gravity, suggesting that visual, gravitational and 71 
idiotropic cues combine to define the vertical used to plan optimized movements of the limb. 72 
These previous findings raised two open questions: first, when the task involves different visuo-73 
motor transformations from those classically described in the literature (that is both in the vertical 74 
and the horizontal planes) do spatial and temporal features of arm motions adapt differently? 75 
Second, would the CNS, after a longer exposure to a visuo-motor conflict involving vertical and 76 
horizontal movements, be able to completely disregard the influence of visual verticality on arm 77 
motion thereby readopting an optimal movement kinematics?  78 
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The goal of the present study is to further investigate the role of gravity force field in the 79 
adaptation process during a visuo-motor conflict involving the horizontal and the vertical plane. In 80 
the main task we asked participants to make horizontal arm movements while receiving a vertical 81 
visual feedback of their movements. With respect to the first question, we hypothesize that during 82 
adaptation the internal representation of the relationship between the motor command and the 83 
resulting sensory signals (i.e., the forward model) is corrected by remapping only the visuo-motor 84 
space, leaving unchanged the temporal pattern of arm motion, which was anyway compatible with 85 
task achievement. We notably focused on the velocity profile because it constitutes an ideal 86 
parameter to examine adaptation process along horizontal and vertical axes. Indeed, velocity 87 
profiles significantly differ between horizontal-symmetric (Morasso, 1981; Gentili et al. 2007) and 88 
vertical-asymmetric (Atkeson and Hollerback., 1985; Papaxanthis et al., 1998b; Le Seac'h and 89 
McIntyre 2007; Sciutti et al. 2012) arm movements. 90 
 A possible prediction about the second issue is that, during prolonged practice, the motor 91 
plan relies more on the visually perceived verticality that on the constant mechanical effect of 92 
gravity experienced by the arm during horizontal movement. Indeed, the input about verticality 93 
given by the visual context could significantly influence the motor plan and participants would 94 
progressively adopt the temporal pattern of a vertical movement while moving in the horizontal 95 
plane. This would require that participants adopted the planning corresponding to the intended 96 
movement (against gravity) and not that corresponding to the actual movement (parallel to gravity). 97 
Although previous works (see Le Seac’h et al. 2007 and Sciutti et al. 2012) support this hypothesis 98 
none of them investigated the evolution in time of the reported effect. Alternatively, after a period 99 
of conflict exposure, participants might learn to disregard the conflicting vertical visual information 100 
and to produce horizontal arm movements similar to those without visual rotation; that is, with 101 
symmetrical velocity profiles. This is in accordance with studies demonstrating that the 102 
asymmetrical velocity profiles of vertical arm movements result from a minimization of the 103 
absolute work of the muscles involved in the motion (Papaxanthis et al., 2003; Berret et al., 2008). 104 
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Thus, since moving horizontally following the kinematic of a vertical arm movement is 105 
energetically suboptimal, minimizing the effort of the motor system (as a general rule of human 106 
motor control) would lead to rapidly adopt a horizontal temporal pattern.  107 
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MATERIALS and METHODS 108 
 109 
Subjects 110 
 111 
 Seventeen right handed volunteers participated in this study. Seven volunteers  (all males, 112 
mean age = 29.1 yrs ± 3.6) participated to the main experiment. The remaining ten subjects (6 males 113 
and 4 females, mean age 24.4 ± 3.3 yrs) completed the control experiment. None of them had 114 
neuromuscular disorders and all had normal or corrected-to-normal vision. All participants gave 115 
written informed consent before testing. The study was approved by the local ethics committee 116 
(Azienda Sanitaria Locale Genovese N.3) and all experiments were conducted in accordance with 117 
legal requirements and international norms (Declaration of Helsinki, 1964). 118 
 119 
Apparatus 120 
 121 
 The main experiment was performed in a dark room. Participants were comfortably seated 122 
on a chair (Fig 1a,b) in front of a large rear projection screen (projection area of 185 cm x 140 cm at 123 
a viewing distance of about 130 cm) where two target-zones were displayed on a black background 124 
(Epson emp1815 LCD, 1280 x 1024 pixels, with 75 Hz refresh rate). These zones were delimited by 125 
two white semicircles (60 cm apart) with radius of 42.5cm that were positioned either at the two 126 
sides of the screen or at the top and the bottom of the screen (Fig. 1C,D). Visual feedback (i.e., 127 
cursor) about the position of the participants’ right arm endpoint was provided by a white dot (3-cm 128 
diameter, Fig. 1C,D) that moved on the screen in real time with participants’ movements. A VICON 129 
Motion Capture system with six infrared cameras (sampling rate at 100 Hz) detected the time-130 
varying position of 2 passive reflective markers placed on the subject (right index fingertip and 131 
acromion). The time delay between the real motion of the finger and its projection on the screen 132 
was less than 30 ms. The scaling factor between arm movement amplitude and cursor displacement 133 
was 1; consequently, the distance covered by the fingertip and the cursor were similar (i.e., 70 cm 134 
corresponding to a shoulder rotation of about 65°). Participants wore a mask that kept them from 135 
seeing their arm during the whole experiment. Moreover, the rear projection screen avoided any 136 
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possible shadow of participants' arm. For the control experiments participants were comfortably 137 
seated on a chair in front of a vertical panel (150 cm x 200 cm) at 150cm distance. A video 138 
projector (Epson emp1815 LCD, 70 Hz, 1280x800pixels) placed 2m behind the screen retro-139 
displayed the motion of a black-dot (2 cm radius) along the upward direction. The position of the 140 
projected stimuli on the panel was adjusted to each participant's height so that his/her eyes were at 141 
the same level as the stimuli. Dot upward motion reproduced the movements of the finger extremity 142 
of the outstretched arm of other participants recorded in a previous study. More precisely those 143 
subjects were measured in a set of 12 upward and 12 horizontal movements. Therefore, dot motion 144 
reproduced real subjects movements performing a pointing task in the sagittal plane with a rotation 145 
around the shoulder joint with a total angular displacement equal to 65°. 146 
 147 
Main Experiment Protocol 148 
 149 
 Participants were required to produce uncorrected (i.e., one-shot) visually guided vertical 150 
and horizontal arm motions and blind (i.e., open loop) horizontal arm movements. In both visually 151 
guided and blind motions, subjects' hand was out of sight throughout the movement. Arm motions 152 
were performed with a rotation around the shoulder joint at a natural self-selected speed (Fig. 153 
1A,B). During baseline conditions where visual feedback (i.e., cursor) was provided participants 154 
had to produce 12 upward and 12 rightward arm motions in order to displace the cursor upward 155 
(BSL_up, Fig. 1C left ) and  rightward (BSL_right, Fig. 1C middle), respectively. Thus the aim of 156 
the baseline motions with visual feedback was to move the cursor within the vertical (BSL_up) and 157 
horizontal (BSL_right) target zones. During baseline trials where visual feedback was turned off 158 
(blind movements), participants had to perform 12 rightward arm movements looking at the screen 159 
where the target zones were still displayed at both sides of the screen (BSL_noFb Fig. 1C right). 160 
In conflicting trials (CONFL, Fig.1D left) visual feedback of participants’ fingertip was 90° 161 
counter clockwise rotated and target zones were vertically displayed (i.e., lower and upper limit of 162 
the screen). Thus participants controlled upward cursor displacements by rightward arm motions. 163 
8 
 
Such a conflict condition corresponded to the H-u orientation condition that in our previous work 164 
(Sciutti et al., 2012) produced the largest influence on participants’ performance. As in BSL_up and 165 
BSL_right conditions, the movement goal during CONFL was to drive the cursor from one target 166 
zone to the other and participants had to produce rightward arm motions to move the cursor from 167 
the lower to the upper target zone. Conflict condition included four blocks of 27 trials where the 168 
cursor was rotated with respect to hand motion. At the end of each block the cursor was 169 
unexpectedly turned off during three consecutive trials (CATCH, Fig.1D middle) after which the 170 
next conflicting block was started. Even though visual feedback was removed, during catch trials 171 
target zones remained vertically oriented and participants had to complete rightward arm motions 172 
looking at the screen. Once the last catch trials series, coming after the fourth conflicting block, 173 
were performed, participants executed others 7 blind rightward motions again with the target zones 174 
displayed in the lower and upper part of the screen (WASH_out, Fig.1D right). Unlike previous 175 
studies, we decided not to randomize the order of catch trials to keep constant the number of 176 
conflicting presentations among each catch series duration. In total, subjects completed 127 177 
rightward arm motions (108 for CONFL, 12 for CATCH and 7 for WASH_out trials). To avoid 178 
fatigue effects, subjects were free to relax the arm as soon as they felt fatigued. Before the conflict 179 
condition subjects had very few practice trials (never more than 3) to familiarize with the visual 180 
rotation and perform motions as straight as possible and at natural speed. Unlike Sciutti et al. 2012, 181 
here we chose not to submit subjects to a proper training phase in order to be able to observe the 182 
evolution of the visuomotor adaptation elicited by the conflicting visual context. 183 
 184 
Control Experiment Protocol 185 
 186 
In the control experiment participants were asked to estimate the motion duration of a dot 187 
moving upward whose trajectory was visible only during the first part of its motion (i.e. until the 188 
peak velocity). At each trial participants fixated a cross at the center of the screen and pressed the 189 
mouse button to initiate the display of the moving dot. After 1 s the cross disappeared and the dot 190 
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appeared at the same position. After additional 0.5 s the dot started moving upward and disappeared 191 
when it reached its maximum velocity, so only the acceleration phase was visible. Participants were 192 
instructed to press again the mouse button at the moment they estimated that the occluded dot 193 
motion had stopped. Therefore, the task of the participants was to estimate the total dot motion 194 
duration (MotionDuration = visible AccelerationDuration + occluded DecelerationDuration). Two 195 
kinds of upward kinematic profiles were displayed on the screen. The first consisted in a short 196 
visible acceleration phase (hereafter SHORT, 0.88 s), whose kinematic was extracted from an 197 
asymmetric velocity profile (AccelerationDuration/MotionDuration= 0.44 with MD= 2 s) recorded 198 
during natural upward movements. The second kind of profile was characterized by a dot motion 199 
with a longer acceleration phase (hereafter LONG, 0.98s), whose kinematic was extracted from a 200 
symmetric velocity profile (AD/MD= 0.49 with MD= 2 s) recorded during natural horizontal 201 
movements. Both dot upward motion displays corresponded to an average value of other 202 
participants’ vertical and horizontal movements, measured in a previous study (see Apparatus, 203 
Control experiment). We recorded participants' duration estimations from mouse clicks (time 204 
resolution 1ms) and then we compared the estimations across the different kinematic profiles 205 
displayed. 206 
 207 
Data and Statistical Analysis 208 
Main experiment 209 
 210 
 For each trial, spatial and temporal parameters of participants’ arm motion were separately 211 
analyzed. On the one hand, the spatial parameters we considered were the deviation from the 212 
sagittal and transversal planes to quantify arm orientation at starting position and arm maximum 213 
deviation from movement plane throughout the motion. Then, we evaluated whether subjects 214 
respected task requirement performing one degree of freedom arm motions. Specifically we 215 
calculated whether their finger motion laid on the surface of a sphere centered in the shoulder and 216 
with arm length as radius (R² of the sphere fitting). The spatial error induced by the rotated visual 217 
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feedback was quantified by an index of movement linearity, that is the ratio between the shortest 218 
path joining initial with final hand position (L) and the actual fingertip path (D), minus 1. In 219 
accordance with such a value a perfect straight-arm motion would produce an index equal to 0. On 220 
the other hand, as temporal parameters we considered both velocity and acceleration profiles (i.e., 221 
first and second derivative of hand positon). From the velocity profile we extracted the ratio 222 
between acceleration duration (AD) and the total movement duration (MD). From the acceleration 223 
profile we calculated the relative time to peak acceleration as the ratio between peak acceleration 224 
(PA) and movement duration (MD), PA/MD (Gaveau and Papaxanthis, 2011). Both ratios referred 225 
to the time of occurrence of the peaks normalized for the whole movement duration. As largely 226 
reported in literature (Flash and Hogan, 1985; Papaxanthis et al., 1998a, 1998b, 2003, 2005; Gentili 227 
et al., 2007; Gaveau and Papaxanthis, 2011; Sciutti et al., 2012) a symmetric velocity profile, 228 
characterized by a peak velocity arising around the half of the total movement duration (i.e., AD/ 229 
MD ≈ 0.5) is typical of horizontal movements. Conversely, a velocity profile characterized by an 230 
acceleration phase shorter than the deceleration (i.e., AD/ MD < 0.5) is typical for vertical upward 231 
motions. Thus after averaging the AD/MD values across subjects we calculated the percentage of 232 
kinematic change at each block by means of the following ratio: 233 
𝐴𝐷 𝑀𝐷⁄ ℎℎ −  𝐴𝐷 𝑀𝐷⁄ ℎ𝑢
𝐴𝐷 𝑀𝐷⁄ ℎℎ −  𝐴𝐷 𝑀𝐷⁄ 𝑢𝑢
∙ 100 
 where 𝐴𝐷 𝑀𝐷⁄ ℎℎ −  𝐴𝐷 𝑀𝐷⁄ ℎ𝑢 is the difference between the AD/MD mean value measured 234 
during horizontal baseline condition and the AD/MD average value measured at each conflicting 235 
block. Such a difference was then normalized with respect to 𝐴𝐷 𝑀𝐷⁄ ℎℎ − 𝐴𝐷 𝑀𝐷⁄ 𝑢𝑢, which is 236 
the difference between the AD/MDs measured during horizontal and upward vertical baselines. 237 
Therefore a 100% AD/MD change would result  if the differences in AD/MD values between 238 
conflicting and baseline horizontal trials  was the same of the difference between baseline 239 
horizontal and upward baselines. Conversely a zero percentage of change calculated during 240 
conflicting trials  would indicate no modifications of the AD/MD ratio with respect to horizontal 241 
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baseline condition. In addition to the time to peak velocity, from individual acceleration profiles, we 242 
also extracted the peak acceleration and we normalized it in amplitude with respect to individual 243 
maximum acceleration, measured during baseline trials. Previous works investigating the timing 244 
and the magnitude of peak acceleration during horizontal and vertical motions showed a decreased 245 
of the time to peak and an increased of the peak during upward movements with respect to 246 
horizontal (Atkeson and Hollerbach,1985; Gentili et al., 2007; Gaveau and Papaxanthis, 2011). In 247 
the light of these findings we predicted a reduction of the time to peak acceleration and an increase 248 
of the peak with respect to baseline values during horizontal motions associated to a vertical 249 
feedback. Conversely we did not expected any changes in these parameters when vertical visual 250 
feedback was turned off (i.e., catch and wash out trials). Since baseline conditions were composed 251 
of 12 trials and each block of the conflicting experiment was composed of 27 trials, we divided each 252 
conflicting block into 2 sub-blocks composed of the first and the last 12 trials.  253 
All data collected during baselines and conflicting blocks, except the index of movement 254 
linearity, showed a normal distribution (Kolmogorov-Smirnov test). The main effect of visual 255 
feedback rotation among conditions was tested by means of a one way repeated measures ANOVAs 256 
with block of trial as factor and 9 levels (i.e., baseline and 8 conflicting sub-blocks groups). 257 
Kinematic parameters measured within CATCH and WASH_out trials were compared with both 258 
BSL_noFb and each conflicting block values with two different One-Way Repeated Measure 259 
ANOVA followed by Tukey’s Post-hoc test (Pairwise Comparisons). The first comparisons tested 260 
whether conflict exposure might had influenced typical horizontal arm movements performed 261 
without any visual feedback, while the second comparisons was used to detect significant after-262 
effect. Since catch trials were composed of only three movements we compared the associated 263 
kinematic measures (averaged across subjects) with those values extracted from the last three 264 
movements of baseline and each conflicting block. Greenhouse-Geisser correction was used to 265 
correct for non-sphericity of samples. Statistical analysis of the indexes of movement linearity 266 
values was performed by a Friedman ANOVA as these measures did not follow normal distribution. 267 
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 268 
 269 
Control Experiment 270 
The main goal of the control experiment was to test whether participants use an internal 271 
representation of upward vertical motion to estimate the duration of dot motion. In fact an intrinsic 272 
representation of the temporal structure of perceived vertical motions could provide the error signal 273 
allowing for the progressive adaptation of motion timing we observed in the main experiment. Such 274 
a model of upward motion assumes the Acceleration Duration (AD) of dot motion to be shorter than 275 
its Deceleration Duration (DD), namely predicting an AD/MD ratio lower than 0.5. We will refer to 276 
this assumption as Asymmetric Hypothesis (AHyp). Alternatively, the lack of such an internal 277 
representation does not entail any differences between AD and DD. In this second assumption, 278 
hereafter Symmetric Hypothesis (SHyp), an AD/MD ratio equal to 0.5 is predicted. Since the 279 
acceleration phase of dot motion was the sole information at disposal to participants , we suggest  280 
that they estimated the whole dot motion duration by dividing the visible acceleration duration of 281 
the dot with a predicted AD/MD ratio either equal or lower than 0.5 (by assuming SHyp or AHyp, 282 
respectively). Thereby, in terms of motion duration estimation, AHyp predicts higher duration, MD 283 
= AD/  < 0.5, than those predicted by the SHyp, MD = AD/≈ 0.5. Figure 2A-B illustrates this point 284 
by depicting the visible acceleration duration (gray and black continuous lines) and the predicted 285 
deceleration durations (gray and black dashed lines) for both dot velocity profiles presented 286 
(SHORT - black lines- and LONG -gray lines-) and both hypotheses. AHyp (Fig. 2A) predicts 287 
always a longer motion duration estimation with respect to that predicted for the same velocity 288 
profile by the SHyp. (Fig. 2B). In particular the AD/MD values used to predict dot motion duration 289 
were 0.49 and 0.44 for SHyp and AHyp respectively. These values were extracted averaging the 290 
AD/MDs measured with other subjects in a previous experiment during both horizontal and vertical 291 
arm motions (see Apparatus and Control Experiment Protocol for details). As variables were 292 
normally distributed, we performed a two-tailed t-tests analysis for dependent samples.  293 
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RESULTS 294 
 295 
Spatial Parameters Adaptation 296 
 During all conflict blocks participants did not show significant trajectory deviations of their 297 
motions with respect to baseline performances. Moreover, arm orientation at starting position 298 
presented only a slight deviation from motion plane (3° ± 1.1° and 3.6° ± 1.4° from transversal and 299 
sagittal plane respectively). Averaged R² measure used to quantify one degrees of freedom motion 300 
was 0.92 ± 0.03 (see Data and Statistical Analysis). 301 
Although the indexes of movement linearity never equaled 0 (i.e., straight movement), hand 302 
trajectory never deviated from a straight path more than 10% of the total length of the motion. 303 
Feedback rotation introduced a slight increase in the deviation from the straight path (~ 2%) that 304 
resulted not significantly different from baseline values and it remained stable throughout 305 
conflicting trials cycles (χ²= 8.93; p= 0.34). Moreover, the movements performed within all catch 306 
trials and wash outs were as straight as those in the baseline horizontal condition with feedback (χ²= 307 
6.04; p= 0.3). In sum the introduction of visual feedback rotation did not induce spatial error in 308 
participants’ motions. 309 
 310 
Temporal Parameters 311 
Conflict condition  312 
 In accordance with our previous observations (Sciutti et al., 2012), the presentation of an 313 
upward rotated visual feedback while performing horizontal motions influenced the temporal 314 
structure of arm movements in a specific fashion. Indeed, participants progressively reduced their 315 
AD/MD ratio thereby showing a velocity profile similar to that one typically used for upward 316 
movements (Fig. 3). Furthermore, analysis performed on individual measures showed that all but 317 
one subject tended to reduce their individual AD/MD values when exposed to upward rotated visual 318 
feedback. In particular each participants showed a different amount of AD/MD reduction at 319 
different phases of the conflicting exposure, but in the last block 6 subjects out of 7 showed an 320 
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AD/MD statistically lower than baseline (one tailed, pair sample t-test, BSL_right vs last conflict 321 
Block , all p< 0.05). Surprisingly, participants showed no tendency to reproduce the typical 322 
temporal structure of horizontal arm motions produced during the baseline session after the very 323 
first conflicting trials. Fig. 3 and Table A (first row) report the modifications of the relative 324 
acceleration phase duration (AD/MD) with respect to conflict exposure. The AD/MD values 325 
measured during conflicting trials rapidly decreased across repetitions. The mean AD/MD value 326 
associated to the last sub-block (i.e., last twelve conflicting trials of the fourth block, that is the last 327 
four gray circles depicted in Fig. 3) equaled 0.45 ± 0.03, which was an intermediate value between 328 
those recorded for horizontal and upward baseline movements (i.e., 0.49± 0.02 and 0.42± 0.02, 329 
respectively). A one way repeated measure ANOVA revealed a main effect of the visual feedback 330 
among levels (F (8, 664) = 7.97, p < 0.01). Particularly, Tukey’s test pairwise comparisons showed 331 
significant differences between baseline level and conflicting sub-block 2 (t(664) = 6.49, p < 0.001), 332 
between baseline and both sub- block 3 and 4 (t(664) = 6.04, p < 0.001, t(664) = 5.31, p = 0.005, 333 
respectively), between baseline and both sub-block 5 and 6 (t(664) = 7.56, p < 0.001, t(664) = 7.28, p < 334 
0.001, respectively) and between baseline and both sub-block 7 and 8 (t(664) = 9.31, p < 0.001, t(664) 335 
= 8.00, p < 0.001, respectively). Furthermore a significant effect was observed between the sub-336 
block 1and sub-block 7 (t(664) = 6.15, p < 0.001) as well as between sub-block 1 and sub- block 8 337 
(t(664) = 4.84, p = 0.018). The double exponential learning curve (Krakauer et al., 1999) fitted to our 338 
data describes the overall behavior of AD/MD values across trials with a goodness of fit of about 339 
70% (Fig. 3). By normalizing the reduction of AD/MD within each conflicting block with respect to 340 
the difference between horizontal and upward baselines (see Data and statistical analysis for 341 
details), we found that in the first conflicting block participants reduced their AD/MD values of 342 
about 32% of the total difference between horizontal and upward nominal profiles (Fig. 4A). 343 
Moreover, longer exposure to the upward rotation, increased the similarity between the velocity 344 
profiles showed during conflicting trials and those showed during baseline upward motion. In fact 345 
as depicted in figure 4A at the end of the last conflicting block the averaged AD/MD values was 346 
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reduced of about 60%. Although participants never provided a 100% AD/MD reduction (last sub-347 
block AD/MD values statistically differed from baseline upward, t(664) = 7.55 , p < 0.01 ) the delta 348 
of its reduction across conflicting blocks showed a linear-like increase. We also investigated the 349 
modulation of both the peak of acceleration and the time of its occurrence in light of the literature 350 
showing that a careful analysis of the acceleration profile can yield important insight on how CNS 351 
optimizes motor commands with respect to gravitational forces (Gaveau and Papaxanthis, 2011; 352 
Gaveau et al., 2014). In accordance to previous findings on how these two parameters change with 353 
respect to arm movement direction (Atkeson and Hollerbach,1985; Gentili et al., 2007; Gaveau and 354 
Papaxanthis, 2011), we observed that the exposure to the upward rotated visual feedback produced 355 
a significant increase of the magnitude of the peak acceleration and a reduction of the time of its 356 
occurrence. Figure 5A and Table A (second row) report peak acceleration values, averaged across 357 
subjects per block, calculated from acceleration profiles normalized in amplitude. The exposure to 358 
the upward rotated feedback introduced a significant change of peak acceleration across conditions 359 
(F (8, 664) = 14.63; p < 0.005). Post-hoc pairwise comparison revealed statistical differences between 360 
baseline measures and all sub-blocks (p < 0.005) with the exception of sub-block 1 and 2 (p =0.84 361 
and p =0.99). The increment of peak acceleration during the last three conflicting blocks was 362 
quantified as, on average, 11% more than the peak size shown for horizontal baseline. Differently 363 
statistical analysis performed on the peak acceleration values measured during horizontal motion 364 
not associated to an upward visual feedback and horizontal baseline  did not show any main effect 365 
(F (2, 54) = 68.72; p = 0.13). Likewise the timing of the peak acceleration (Fig. 5B and Table A third 366 
row) appeared to be modulated by the direction of the feedback. Statistical analysis on the time-to-367 
peak acceleration measured during baseline and conflicting sub-blocks showed a main effect (F (8, 368 
664) = 3.55; p < 0.005). Figure 5B shows clearly how peak acceleration occurs earlier in the 369 
movement during conflicting trials but it comes back to baseline values every time the upward 370 
rotated feedback was removed. Indeed when subjects produced horizontal arm motions without any 371 
visual feedback they presented time-to-peak acceleration values no statistically different from 372 
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baseline values (F (4, 80) = 1.48; p =0.23). These findings give evidence that horizontal movements 373 
associated to upward visual feedback led participants to produce acceleration profiles that were 374 
similar to those of an upward arm movement, that is with an augmented acceleration peak and an 375 
anticipation of its occurrence (Atkeson and Hollerbach,1985; Gentili et al., 2007 ; Gaveau and 376 
Papaxanthis, 2011). 377 
 378 
Catch Trials 379 
Figure 4B depicts both trends of AD/MDs observed when the upward rotated visual 380 
feedback was presented (i.e., conflicting trials, dots) and when it was turned off (i.e., catch and 381 
wash out trials, bars). Throughout the four blocks, participants showed a specific modulation of 382 
AD/MD with respect to the visual context (i.e., presence or lack of the upward rotated feedback). In 383 
fact participants’ AD/MD ratios of the last bin (3 last movements) of conflicting blocks 1, 2 and 4 384 
were always shorter than the AD/MD measured within the next catch trial sets (Pairwise 385 
Comparison respectively t(16)=4.1, p=0.02; t(16)=3.6, p=0.03; t(16)=3.6, p=0.03). Moreover no 386 
statistical differences from horizontal blind baseline were observed for all catch trials set 387 
(respectively t(10)=0.55, p=1 for catch 1; t(10)=2.44, p=0.54 for catch 2; t(10)=0.3, p=1 for catch 3; 388 
t(10)=0.11, p=1 for catch 4 and t(10)=2.22, p=0.63 for wash out). Nevertheless, during the second 389 
catch trials series, averaged AD/MD ratio was reduced even though the conflicting feedback was 390 
absent since the onset of motion. The AD/MD value observed in this case (i.e., second bar in Fig. 391 
4B) was approximately in between the horizontal blind baseline values (i.e., upper dashed line in 392 
Fig. 4B) and the conflicting trial averaged values for the second block (i.e., second dot in Fig. 4B). 393 
Note that such an after effect occurred only in the middle of the learning phase (i.e., second block) 394 
and it affected significantly only velocity profiles, leaving acceleration temporal pattern untouched 395 
(compare the trend of AD/MD values in Fig.3 with the trend of PA/MD in Fig. 5B during catch 396 
trials). 397 
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 398 
Control Experiment 399 
The goal of the control experiment was to test whether participants use a visual 400 
representation of upward vertical motion to estimate the duration of dot motion. Our prediction 401 
about control experiment results was that if motion time estimation was carried out in accordance 402 
with the AHyp, that assumes an AD/MD of 0.44 (see Data and Statistical Analysis, Control 403 
Experiment), we should record duration estimation of 2s (i.e., AD/0.44; 0.88/0.44) for SHORT 404 
profile and 2.22s (0.98/0.44) for LONG profiles (gray dashed lines in Fig. 6A, averaged values and 405 
Fig. 6B, individual values). On the other hand, if subjects' responses were explained by the SHyp 406 
(that assumes an AD/MD of 0.49), participants should show motion duration estimation as 1.79s 407 
(0.88/0.49) for SHORT and 2s (0.98/0.49) for LONG conditions (black dashed line in Fig. 6A-B). 408 
Our results showed that subjects' estimation values, during SHORT condition, were well predicted 409 
by the AHyp. A one-sample t-test revealed a significant difference between empirical data and 410 
SHyp prediction (1.98s ± 0.02 vs 1.76s, t(9)= 8.98, p < 0.01), but not between empirical and AHyp 411 
expected value (1.98s ± 0.02 vs 2s, t(9)= -0.68, p=0.51). In the LONG condition (bar in LONG, Fig. 412 
6A) averaged estimation values were significantly higher than SHyp prediction (2.08s ± 0.02 vs 2s, 413 
t(9)= 4.48, p=0.001), but they resulted to be significantly lower than AHyp predictions (2.08s ± 414 
0.02 vs 2.22s , t(9)= -7.53, p < 0.01). Although our results are qualitatively in agreement with the 415 
overestimation predicted by the AHyp in the LONG condition, the estimated durations are 416 
quantitatively lower than the predicted ones. In other words during LONG trials, S and A 417 
hypotheses seem to be combined thereby producing intermediate time estimation. In summary, 418 
these findings give two important evidence: firstly participants are able to reconstruct the temporal 419 
pattern of an upward movement by inferring the duration of the deceleration phase; secondly 420 
participants showed an hard wired temporal representation of vertical movements which is used to 421 
estimate the movement offset. 422 
 423 
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DISCUSSION 424 
 The present study shows that when the visual feedback of a horizontal movement is rotated 425 
by 90°, participants can adapt rapidly to the conflicting visuomotor context and reach the rotated 426 
target accurately. However, the horizontal movement is persistently performed with sub-optimal 427 
kinematics, as movement timing (AD/MD) is close to that of a vertical motion. Throughout the 428 
conflict exposure (more than 100 trials) the temporal pattern of the horizontal movement remains 429 
influenced by the visual feedback, thereby showing a velocity and acceleration profiles 430 
progressively more similar to an upward arm motion. Importantly, this visual effect, which 431 
increases with repetitions, is not followed by a consistent after effect. As soon as visual conflict is 432 
removed and subjects have to perform the same horizontal arm motions without rotated visual 433 
feedback (catch and wash out trials) they immediately adopted the proper horizontal velocity. 434 
 These findings raise two main comments. First, in the context of adapting 3D movements 435 
perturbed by a 90° visual rotation, while spatial error is corrected after few repeated trials, the 436 
temporal features of arm reaching do not return to baseline values. Second, the present dissociated 437 
adaptation of the spatial-temporal parameters of the movement is not in agreement with a pure 438 
energetic optimization principle; rather it gives evidence of a reweighting of the visual and 439 
kinesthetic input reliability guided by strong prior assumptions about the mechanical effect of 440 
gravity on ascending arm movement. In the following paragraphs we discuss these two points. 441 
 442 
Temporal and spatial features of arm motion follow different adaptation processes  443 
 The spatial error induced by the visual rotation was rapidly corrected (see Results, Spatial 444 
Parameters). The large discrepancy between limb trajectory (rotated hand feedback), coded in 445 
visual space, and actual arm movement direction, coded in kinesthetic reference frame, may explain 446 
such immediate remapping. In line with this result is the reduced after effect which follows an 447 
abrupt rather than gradual introduction of a perturbation (Kagerer et al., 1997; Kluzik et al., 2008). 448 
Moreover, the visual kinesthetic inputs decoupling we displayed, which appears complex in 449 
19 
 
Euclidean terms (i.e., three dimensional rotations), becomes much simpler if both sensory input are 450 
transformed in a common, body-centered frame of reference: a motion performed in one body plane 451 
(e.g., transversal) is presented as performed in another body plane (e.g., sagittal). It has been largely 452 
observed that the brain can exploit a common reference frame, centered on the body (Le Seac'h and 453 
McIntyre, 2007) to optimally combine multisensory inputs. It is therefore plausible that our subjects 454 
expressed each available input in a common, body centered, reference system, to compare the 455 
information about hand and dot motion provided by kinesthetic and visual signals. A similar 456 
transformation could then justify the rapidity of the spatial adaptation and the lack of after effects 457 
(Cohen and Andersen, 2002). 458 
 In contrast, the temporal structure of arm movement adapted differently to the conflicting 459 
visual rotation. Velocity profiles of horizontal motion under conflict condition approached 460 
progressively that of a vertical one. This result is in discrepancy with the general accepted idea that 461 
the nervous system, trial after trial, learns to predict and cancel effects of a novel environment. 462 
Nevertheless, the lack of any tendency to recover the baseline timing behavior we observed in our 463 
study, after the very first conflicting trials and during a quite long perturbation exposure is difficult 464 
to compare with previous studies investigating adaptation process (Krakauer et al., 1999, 2000; 465 
Tseng et al., 2007; Wei, 2010). In fact these authors mainly used a coefficient calculated on the 466 
basis of a spatial error (i.e., the distance between hand position and the position of the target to 467 
reach) whilst we currently measured also the temporal features of hand trajectory. The persistency 468 
of an inadequate movement timing is however quite unexpected. Indeed, in Le Séac’h et al. (2007) 469 
changes in arm movement timing performed in a lying position occurred immediately. Whilst a 470 
systematic analysis of the adaptation process was not performed in this previous study (that maybe 471 
would have revealed a progressive recovery toward an horizontal symmetric timing of the 472 
horizontal/feet to head movement) one may speculate that when the signal about gravity’s direction 473 
coming from the otolith is irrelevant, graviceptors in the human trunk (the so called idiotropic 474 
vector, see Mittelstaedt 1996) strongly bias spatial orientation judgment (Bringoux et al. 2003). In 475 
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the present experimental set up we were able to manipulate the visual information while vestibular 476 
and somesthetic input remained relevant with respect to gravity. This difference can explain the 477 
present progressive motor effect of the visuomotor conflict. 478 
In a previous paper we demonstrated that the specific timing of vertical arm movements is 479 
due to a direction-dependent planning process that minimizes energy expenditure (Berret et al., 480 
2008). One may expect a rapid recovery of the natural arm horizontal kinematic since a horizontal 481 
reaching with a timing of a vertical motion is detrimental in terms of movement cost. In particular, 482 
the prolonged exposure to a non-optimal motion and the consequent increasing effort should have 483 
pushed the nervous system to recover a more appropriate motor program. On the contrary, 484 
movement planning was clearly and gradually affected by the vertical visual feedback toward a 485 
less-optimal (and more vertical) velocity profile. One explanation of the absence of motor 486 
correction from suboptimal to optimal arm movement timing could be that the adaptation to 487 
visuomotor conflict consists only in correcting the crucial variable of the task – i.e., the spatial error 488 
between the effector and the target position - neglecting the deleterious effect of a suboptimal 489 
movement. Since in our experiment task achievement required just to reach the target, with no 490 
explicit constraints on movement kinematics, task completion would be achieved by remapping 491 
only the visuo-motor space, leaving unchanged the temporal pattern of arm motion. This 492 
explanation seems however contradicted by our previous investigation (Sciutti et al. 2012) which 493 
showed an appropriate adoption of a vertical velocity profile when moving vertically and while 494 
seeing an horizontal feedback. In such a case the subject both remapped the visuo-motor space and 495 
appropriately minimized the energy expenditure. Optimal Feedback Control (OFC) approach 496 
(Todorov and Jordan al., 2002) did not predict our results and leaves unanswered an important 497 
question that is : why to optimize the control of an upward rotated visual feedback subjects need to 498 
modify their usual horizontal velocity profile? To address this issue we consider the possibility that 499 
the CNS, in order to reduce the deleterious effect of the divergent sensory predictions of hand 500 
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feedback motion (i.e., rightward and upward for kinesthetic and visual inputs respectively), 501 
reweights their combination during the sensory integration process. 502 
This alternative agrees with the assumption that while undertaking sensory motor tasks, 503 
weighting is used to privilege the most reliable (less variable) sensory information to estimate target 504 
and/or motion corrections (Sober and Sabes, 2005; Wei, 2010). Moreover previous papers gave 505 
evidence of both visual and kinesthetic misperception due to the assignment of high reliability of 506 
one of the two sensory sources. For instance Wolpert et al. showed that a high weight was assigned 507 
to vision during a reaching task where visual and kinesthetic information about curvature were 508 
mismatched. Under their perturbation vision guided subjects’ actions even if it produced a 509 
misperception of the actual kinesthetic signals (Wolpert et al. 1995). Mon Williams et al. (1997) 510 
confirmed the high weight assigned to vision and, more interestingly, showed that the opposite 511 
effect is also possible (i.e., kinesthetic signals dominate action and produce visual misperception) as 512 
soon as visual information was sparse. Moreover, in our previous investigation (Sciutti et al. 2012) 513 
we analyzed how the planning of vertical and horizontal arm pointing movements is affected by a 514 
conflicting visual feedback about the end effector. We showed that vision dominates kinesthetic 515 
signals (i.e., leading to sub-optimal motion) only if the visual feedback is vertical: the reliability of 516 
the two different sensory modalities involved in our visuo-motor conflict strongly depended on 517 
which channel perceived the vertical direction. Accordingly, we speculate that the present sensory 518 
context, more specifically the visual vertical one, strongly constrained arm movement temporal 519 
structure and the underlying reweighting of visual and kinesthetic signals to guide action. 520 
  521 
22 
 
A miss-adaptation involving an alignment on an internal representation of gravity  522 
Instead of baseline recovery, the visual effect on arm movement timing increased with 523 
repetitions. This progressive kinematic adjustment toward a suboptimal vertical motion implies 524 
nonetheless an adaptation process based on error feedback and motor corrections. Therefore, 525 
participants should experience trial after trial an error signal related to the relative duration of their 526 
acceleration phase (or AD/MD). In the present experimental condition we hypothesize that the error 527 
signal is the unsuitable (symmetric) horizontal temporal pattern of the dot displayed along the 528 
upward direction. Precisely, the discrepancy between the vertical visual feedback and an internal 529 
representation of the timing of a vertical motion would provide the error signal to modify the timing 530 
of the arm horizontal movement. In this way the timing of the actual horizontal arm movement 531 
(symmetric one) would be compared and adjusted trial after trial to a stored upward temporal 532 
pattern (asymmetric one). Actually, in our control experiment we found evidence in favor to such 533 
comparison. On the basis of the visible acceleration phase of an upward motion participants were 534 
able to infer the duration of the missing deceleration phase that agreed with the kinematic of upward 535 
arm movement. Precisely, the inferred deceleration duration was always longer compared to the 536 
acceleration phase. Therefore, participants exhibited the capacity to recall kinematic detail of 537 
vertical body movements in the temporal domains, a result in agreement with several previous 538 
investigations (Pozzo et al., 2006; Saunier et al., 2007; Gavazzi et al., 2013). 539 
 540 
An erroneous and suboptimal adaptation without memory 541 
The progressive modification of the actual horizontal temporal pattern toward a vertical one 542 
was not followed by any consistent after effects, which usually highlight an adaptation process 543 
(Shadmehr and Mussa-Ivaldi, 1994; Karniel et al., 2002). Differently speaking, the spontaneous 544 
recovery when conflict was removed did not reflect the adaptation rate: the participants adapted 545 
slowly and de-adapted immediately. A shift from one dynamic model to another pre-existing one 546 
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might explain the lack of aftereffects. For instance, the MOSAIC model (Wolpert and Kawato, 547 
1998), proposed that the CNS composes and deals with multiple models selected with respect to 548 
task requirements in order to facilitate rapid and effective switching between them. However, in the 549 
present case the horizontal kinematic was only partially assimilated to that of a vertical motion 550 
(60% adaptation), a value incompatible with a complete shift from one model to the other one (as in 551 
Welch et al., 1993). A reweighting process with respect to the sensory context would rather explain 552 
the transient adoption of different arm movement timings. Such a possibility has been previously 553 
modeled according to the principles of maximum likelihood estimation (see Ernst and Bulthoff, 554 
2004 for a review), resting on the assumption that sensory signals that contain redundant 555 
information should be combined based on the expected variability of each channel to maximize the 556 
probability of the most reliable prediction about sensory feedback (Welch et al., 1993; Ernst and 557 
Banks, 2002; Körding and Wolpert, 2004). Moreover, in a previous investigation (see Papaxanthis 558 
et al. 2005) we found that exposure to microgravity transiently affected velocity profiles of upward 559 
and downward movement. However after repeated practice, the differences in kinematic and the 560 
torque profiles recorded during upward and downward movements decreased suggesting that the 561 
CNS adapts motor plans to novel environments. In that case, the visual feedback was also vertical 562 
but the movement kinematic adapted to the new mechanical context in agreement with OFC that 563 
predicts a symmetric velocity profile. However, in contrast with the present experimental set up, in 564 
weightlessness the vestibular organs (the only sensory organs giving a direct measurement of the 565 
gravity force field) detected the lack of gravity. In this context, our results suggest that subjects are 566 
particularly confident in the vertical nature of the motion (i.e., give to vertical visual input a higher 567 
weight), although their execution is performed on the horizontal plane. 568 
The priority given to the visual vertical feedback when sensory inputs are conflicting may 569 
result from the continuous and predictable effect of the gravity on the body and its hard-wired 570 
integration along evolution process. Specifically, as the passage from day to night, the gravitational 571 
field created by the mass of the earth makes up one of the ethological constraints that permanently 572 
24 
 
act upon living organisms (Pozzo et al., 1998). This impact is well illustrated by the widespread role 573 
of visual vertical/gravity on spatial and temporal aspect of human activity. For instance a large body 574 
of evidences demonstrates that the gravitational component plays a fundamental role in human 575 
action production (Papaxanthis et al., 1998a; Crevecoeur et al., 2009; Gaveau and Papaxanthis, 576 
2011) and perception of living (Troje and Westhoff, 2006) and non-living object motion (McIntyre 577 
et al., 2001; Zago and Lacquaniti, 2005; Zago et al., 2009; Senot et al., 2012). Therefore, the 578 
probability to deal with gravity is strong even when its involvement is artificially created and also 579 
the processes of motor adaptations are shaped by a internal model of gravity. 580 
 581 
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 682 
Legends 683 
Figure 1: Protocol schema. 684 
 A-B)  Twelve vertical and horizontal movements were performed keeping the arm slightly 685 
on the right of the sagittal plane or under the transversal plane respectively. C) For both 686 
movement directions visual feedback of the arm endpoint was provided (BSL_up and 687 
BSL_right) or removed throughout the motion (BSL_noFB ). D) Subjects were submitted to 688 
an experimental session of 4 blocks composed by 27 rightward movements associated to an 689 
upward rotated visual feedback (CONFLICT), three rightward movements without feedback 690 
(CATCH ) at the end of each block and seven movements after the fourth catch trials serie 691 
(WASH out ). White dashed and black solid arrows, describe feedback and hand motion 692 
directions respectively. Semicircles depict movement target areas and the white dot visual 693 
represents the visual feedback of hand motion. 694 
 695 
Figure 2: Control Experiment. Dot motion velocity profiles and predicted motion durations  696 
 Black and gray continuous lines represent respectively SHORT and LONG visible dot 697 
acceleration phases. Each dot motion was occluded at its peak velocity. Dashed lines 698 
represent predicted deceleration durations: A) if an internal representation of vertical motion 699 
is assumed (i.e., asymmetric velocity profile, AD < DD, typical  of vertical motion). B) if a 700 
symmetric velocity profile is assumed (i.e., AD ~ DD, typical of horizontal motion).  701 
Figure 3: Time Course of adaptation to upward feedback rotation  702 
 Normalized acceleration duration (AD/MD) means and SE extracted from movements 703 
produced during horizontal baselines (white circle) and blind baseline (BSL_noFb, black 704 
circle). Conflicting trials (gray circles), catch trials (asterisks) and wash out trials 705 
(diamonds) are averaged (± SE) across subjects and over successive cycles of three 706 
movements. Dotted vertical line separates baselines values from the conflicting trials. 707 
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Vertical continuous lines divide sub-block. Vertical dashed lines represent catch trials sets 708 
occurrence. Horizontal dashed line depicts the AD/MD mean value measured during upward 709 
baseline. Modification of the movement temporal pattern is shown by the progressive 710 
reduction of AD/MD values across repetitions. AD/MD reduction was fitted by a double–711 
exponential function (R² = 0.68). 712 
Figure 4: Percentage of adaptation and Catch Trials Analysis. 713 
A) Percentage of kinematic adaptation, extracted by normalizing the reduction of AD/MD 714 
within each conflicting block with respect to the difference between  horizontal and upward 715 
baselines (see Data and Statistical Analysis for details). A value of 100% indicates that 716 
AD/MD during conflicting trials decreased  the same amount of the difference between 717 
horizontal and upward baseline values. 0% indicates no AD/MD changes. ** p<0.01, * 718 
p<0.05. B) Catch trials analysis. AD/MD ratio mean and SE of the four catch trials sets 719 
(dark gray) and wash out (light gray) motion conditions. Dots represent AD/MD mean 720 
values and S.E. measured at each conflicting block. Horizontal dashed and dashed dotted 721 
lines indicate the AD/MD value of the horizontal blind and upward congruent baselines 722 
respectively. Asterisks refer to the significant reduction of the AD/MD during the second set 723 
of catch trials.  724 
Figure 5: Adaptation of peak acceleration and time-to-peak acceleration 725 
A) Normalized Peak acceleration during conflict, baseline and catch trials presentation. 726 
Mean Normalized Peak acceleration value and S.E. were calculated by averaging subjects’ 727 
acceleration profiles normalized in amplitude with respect to their individual baseline 728 
maximum values. The black bar stands for the average value of the normalized individual 729 
peak acceleration across subjects, produced during horizontal feedback condition 730 
(BSL_right). Dark gray bar report average peak acceleration for each conflicting block. the 731 
light gray bar is the average peak acceleration of movements performed during all catch 732 
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trials. The white bar describes the average peak acceleration associated to wash out. 733 
Repeated Measuers (R.M.) Anova followed by Tukey post-hoc comparisons were set at 734 
p<0.01 significance level. B) Time to Peak acceleration for baseline, conflict blocks, catch 735 
and wash out trials. Time to Peak mean values and S.E. were calculated from acceleration 736 
profiles of each movement normalized in duration and amplitude. The black bar stands for 737 
the average time to peak acceleration of movements associated to horizontal congruent 738 
feedback while light-to-dark gray bars report average time to peak acceleration for the 739 
conflicting blocks. White bars are the average time to peak acceleration values of 740 
movements performed within each catch trials set. The white bar with gray border shows the 741 
average value associated to movement executions during wash out trials. R.M. Anova 742 
followed by Tukey post-hoc comparisons were set at p<0.01 significance level. 743 
Figure 6: Estimation of dot motion durations 744 
 A) Average estimations of dot motion duration for the SHORT (AD = 0.88s) and LONG 745 
(AD=0.98s) conditions. Dashed black horizontal lines represent predicted estimates if a 746 
symmetric velocity profile is assumed; gray horizontal lines indicate predicted estimates if 747 
an asymmetric velocity profile is considered (AD < DD, with AD corresponding to 44% of 748 
motion duration) B) Individual subjects’ estimates for the SHORT (circles) and the LONG 749 
(squares) stimuli. The horizontal lines, as in a, represent predicted durations according to the 750 
subject’s assumption of a symmetric or asymmetric dot motion velocity profiles 751 
Table A: Temporal Parameters 752 
Time to Peak Velocity, Normalized Peak Acceleration and Time to Peak Acceleration 753 
averaged value ± S.D. across subjects and trial repetitions for each experimental condition. 754 







